Introduction
============

Tongue squamous cell carcinoma (tongue cancer) is one of the most common malignancies of the oral maxillofacial region, and is characterized by high degree of local infiltration and a high rate of metastasis to the cervical lymph nodes.[@b1-ijn-13-3441],[@b2-ijn-13-3441] Currently, surgery, radiotherapy, and chemotherapy are the main treatments for tongue cancer; however, because the tumor easily relapses after surgery, the prognosis remains poor.[@b3-ijn-13-3441] With the recent improvements in nanomedicine, nanoparticles are now being perceived as promising cancer therapies.[@b4-ijn-13-3441]--[@b6-ijn-13-3441] Zinc oxide nanoparticles (ZnO NPs) are metal nanoparticles that are widely used in many dental materials and cosmetic products.[@b7-ijn-13-3441]--[@b9-ijn-13-3441] Recently, ZnO NPs were shown to target multiple cancer cell types, such as human hepatocellular carcinoma (HEPG2), human prostate cancer (PC3), non-small cell lung cancer (A549),[@b10-ijn-13-3441] human head and neck squamous cell carcinoma (HNSCC),[@b11-ijn-13-3441] human colorectal adenocarcinoma cells, and human lymphoblastoid cells.[@b12-ijn-13-3441] ZnO NPs exert their anticancer effects by inhibiting the proliferation of cancer cells, increasing the sensitivity of drug-resistant tumor cells, preventing the recurrence and metastasis of tumors, and restoring cancer immunosurveillance.[@b13-ijn-13-3441]

Mitophagy is a critical process that maintains a healthy and functional mitochondrial network that responds to physiological adaptations and stress conditions during development, as well as throughout life.[@b14-ijn-13-3441] Based on accumulating evidence, it has been established that imbalanced mitophagy plays a dual role in the neoplastic progression and drug resistance of different tumor types.[@b15-ijn-13-3441],[@b16-ijn-13-3441] Both the inhibition and induction of mitophagy have been reported to enhance the drug sensitivity of different tumor cells.[@b17-ijn-13-3441] ZnO NPs significantly induce autophagy in human ovarian cancer cells by inducing reactive oxygen species (ROS) production.[@b18-ijn-13-3441] ZnO NPs with an average size of 50 nm may exert toxic effects on A549 cells by impairing autophagic flux, leading to cell death.[@b19-ijn-13-3441]

However, the anticancer effect and mechanism of ZnO NPs on the CAL 27 human tongue cancer cell line have not been thoroughly investigated to date. The purpose of this study was to determine whether ZnO NPs exert an anticancer effect on CAL 27 human tongue cancer cells. Furthermore, the role of PINK1/Parkin-mediated mitophagy in ZnO NP-induced CAL 27 cytotoxicity was also investigated.

Materials and methods
=====================

Chemicals and reagents
----------------------

ZnO NPs (average particle size: 50 nm), the autophagic vacuole indicator monodansylcadaverine (MDC), the intracellular ROS probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA), and the JC-1 mitochondrial membrane potential (MMP) Kit were obtained from Sigma-Aldrich Chemical Co (Sigma-Aldrich Co., St Louis, MO, USA). The CAL 27 human tongue cancer cell line was purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cell culture media components, including high glucose DMEM, α-MEM, fetal bovine serum (FBS), and antibiotics, were obtained from Gibco Chemicals (Grand Island, NY, USA). Cell counting kit-8 (CCK-8) was obtained from Dojindo Laboratories (Tokyo, Japan). The bicinchoninic acid (BCA) Protein Assay Kit for measuring protein concentrations was purchased from Pierce Biotechnology (Rockford, IL, USA). Polyvinylidene fluoride (PVDF) membranes were purchased from Millipore (Millipore, Billerica, MA, USA). Primary antibodies against LC3, P62, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were obtained from Cell Signaling Technology (Beverly, MA, USA), and PINK1 and Parkin antibodies were obtained from Abcam (Cambridge, MA, USA). The Lipofectamine 2000 transfection reagent was obtained from Invitrogen (Carlsbad, CA, USA). Green fluorescent protein (GFP)-LC3 was a kind gift from Professor Tanfeng, Wenzhou Medical University, Wenzhou, China.

NP characterization and suspension
----------------------------------

The physical characteristics, original particle size, and surface morphologies of NPs were detected by transmission electron microscopy (TEM). Briefly, NPs were dispersed in ethanol and ultrasonicated for 10 min, and the suspension was then dropped onto a copper net. After the sample was dried, a conductive gold film was used to plate the surface of the sample using anion sputtering instrument. The samples were analyzed by TEM with an accelerating voltage of 200 kV. The dynamic light scattering method was used to determine the average hydrous particle size and zeta potential of the NPs. Briefly, NPs were suspended, ultrasonicated in deionized water, and analyzed using a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Malvern, UK). Moreover, the X-ray diffraction (XRD) patterns of NPs were analyzed using an RAX-10X-ray diffractometer (Rigaku, Tokyo, Japan).

NP suspensions
--------------

ZnO NPs were dispersed and ultrasonicated in deionized water to obtain a uniformly dispersed NP suspension with a concentration of 10 mg/mL.

Cell culture and transfection
-----------------------------

CAL 27 cells were cultured in DMEM containing 10% FBS and antibiotics at 37°C in a humidified chamber with a 5% CO~2~-95% air mixture. Cells were seeded at a density of 5×10^3^, 2×10^4^, or 3×10^5^ cells/well in 96-well, 24-well, or 6-well plates, respectively, to meet the different needs of the experiments. On the next day, the cells were transfected with a Lipofectamine 2000 and GFP-LC3 plasmid mixture for 24 h. After transfection, the ZnO NP suspension was added to the culture media for further experiments.

Cytotoxicity assay
------------------

The cytotoxicity of ZnO NPs toward CAL 27 cells was evaluated using the CCK-8 assay. Briefly, the cells were cultured in 96-well plates at a density of 5×10^3^ cells/well and exposed to different concentrations (0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 μg/mL) of ZnO NPs for 24 h. Cytotoxicity was expressed as a percentage of the control, and 50% inhibitory concentration (IC50) values were calculated using GraphPad Prism software version 5.01.

Mitochondrial isolation and western blotting
--------------------------------------------

Western blotting was used to detect the expression of target proteins. Briefly, CAL 27 cells cultured in 100-mm round culture plates were treated with 25 μg/mL ZnO NPs at preset time points (4, 8, 12, or 24 h). Following treatment, cells were collected and lysed, and the mitochondrial as well as total and cytoplasmic proteins were extracted using the Cell Mitochondria Isolation Kit and radioimmunoprecipitation assay lysis buffer, respectively. Untreated cells served as the control. All protein extracts were electrophoresed on 10% (w/v) sodium dodecyl sulfate-polyacrylamide gels and then transferred to PVDF membranes. The membranes were then blocked with tris-buffered saline with Tween 20 containing 5% nonfat milk for 1 h at room temperature. After blocking, the membranes were incubated with the following primary antibodies (1:1,000) overnight at 4°C: GAPDH, LC3, P62, PINK1, and Parkin. The membranes were then washed and incubated with an IRDye800 fluorophore-conjugated secondary antibody for 1 h. Bands representing the antibody-antigen complexes were detected using an LI-COR Odyssey Infrared Imaging System.

Immunocytochemistry
-------------------

CAL 27 cells treated with or without ZnO NPs were fixed with 4% paraformaldehyde for 15 min at 4°C. After fixation, the cells were incubated with primary antibodies (1:100) against LC3 and PINK1 overnight at 4°C. On the next day, the cells were washed gently with PBS 3 times and then incubated with a tetramethylrhodamine isothiocyanate-conjugated secondary antibody for 40 min at room temperature. Then, the cell nucleus was labeled with 4′,6-diamidino-2-phenylindole for 10 min. The fluorescence of the antibody-antigen complex was detected by fluorescence microscopy or confocal laser scanning microscopy (CLSM).

Measurement of the intracellular ROS levels
-------------------------------------------

The DCFH-DA probe was used to measure the intracellular ROS levels. Briefly, CAL 27 cells cultured in 96-well culture plates were treated with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h. After treatment, the cells were washed and labeled with the DCFH-DA probe (10 μM) for 1 h at 37°C. Subsequently, the average DCF fluorescence intensity in each well was detected using a Synergy-4 microplate reader (Biotek Instruments Inc., Winooski, VT, USA) (excitation 338 nm/emission 500 nm).

MDC staining
------------

MDC staining was used to evaluate the number of autophagic vacuoles in CAL 27 cells. Briefly, CAL 27 cells cultured in 6-well culture plates were treated with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h. Following treatment, the cells were collected and incubated with MDC for 30 min at 37°C. After staining, the average MDC fluorescence of each well was detected using a Synergy-4 microplate reader (excitation 338 nm/emission 500 nm).

JC-1 assay
----------

A tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye was used to detect the MMP (ΔΨm) of CAL 27 cells. In healthy mitochondria, the JC-1 stain is present in an aggregated form and emits red fluorescence. However, in damaged or dysfunctional mitochondria, it remains in monomer form and emits green fluorescence. Briefly, CAL 27 cells cultured in 96-well culture plates were treated with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h. Then, the cells were collected and incubated with JC-1 for specified times. The samples were then immediately detected using the Synergy-4 microplate reader (excitation 540 nm/emission 590 nm to detect JC-1 aggregates and excitation 490 nm/emission 525 nm to detect JC-1 monomers).

Statistical analysis
--------------------

The experimental data are presented as the means ± SEM. At least 3 independent experiments were conducted to obtain objective and accurate data. SPSS software version 20 was used to analyze the data. Differences between groups were assessed using one-way analysis of variance. A detailed description of the statistical analysis used in each experiment is provided in the figure and table legends. Differences with *P*-values \<0.05 were considered statistically significant. All western blot results were quantified using ImageJ 1.48v software.

Results
=======

Characterization of NPs
-----------------------

The original sizes and surface morphologies of ZnO NPs were detected using TEM. The original shape of these particles was a hexagonal prism, and the original size was \~50 nm ([Figure 1A](#f1-ijn-13-3441){ref-type="fig"}). The results of the XRD spectra showed that the peaks of the pending particles were consistent with ZnO standards, according to the Committee on Powder Diffraction Standards (JCPDS 36-1451) ([Figure 1B](#f1-ijn-13-3441){ref-type="fig"}). The average hydrous size of NPs in deionized water was \~500.8 nm, indicating that aggregates of ZnO NPs formed in a deionized water solution ([Figure 1C](#f1-ijn-13-3441){ref-type="fig"}).

Effect of ZnO NPs on CAL 27 cell viability
------------------------------------------

ZnO NPs increased the intracellular ROS levels and induced cell death or apoptosis in CAL 27 cells. We first investigated the effects of ZnO NPs on the viability of CAL 27 cells using the CCK-8 assay. After treatment with different concentrations of ZnO NPs for 24 h, the viability of CAL 27 cells decreased following treatment with increasing ZnO NP concentrations ([Figure 2A](#f2-ijn-13-3441){ref-type="fig"}). The IC50 of the ZnO NPs was calculated as 25 μg/mL.

ZnO NPs induced mitochondrial damage and oxidative stress in CAL 27cells
------------------------------------------------------------------------

The oxidative status of CAL 27 cells treated with 25 μg/mL ZnO NPs was determined using the DCFH-DA probe. Compared with the control, significantly higher ROS levels were detected 4, 8, and 12 h after ZnO NP treatment ([Figure 2B](#f2-ijn-13-3441){ref-type="fig"}), suggesting that mitochondrial oxidative damage may contribute to ZnO NP-induced cell apoptosis. The MMP was evaluated using the JC-1 assay, and the results revealed a decrease in the MMP of cells treated with 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h, suggesting the onset of mitochondrial dysfunction ([Figures 2C](#f2-ijn-13-3441){ref-type="fig"} and [3A](#f3-ijn-13-3441){ref-type="fig"}). Furthermore, the TEM images showed an increased number of swollen mitochondria in the 12-h group ([Figure 3B](#f3-ijn-13-3441){ref-type="fig"}). Thus, exposure to 50 nm ZnO NPs induced mitochondrial dysfunction in CAL 27 cells.

ZnO NPs triggered the autophagy process in CAL 27 cells
-------------------------------------------------------

Autophagic vacuoles were first measured using the MDC assay, and the result revealed an increase in the MDC fluorescence intensity in the groups that had been treated with ZnO NPs for 4, 8, 12, or 24 h ([Figure 2D](#f2-ijn-13-3441){ref-type="fig"}), indicating that ZnO NPs induced the autophagy process shortly after administration. We investigated the expression of the autophagy-related proteins LC3, P62, and Beclin1 by immunocytochemistry and western blotting to further examine the molecular mechanism through which ZnO NPs induced autophagy. As shown in [Figure 4A--C](#f4-ijn-13-3441){ref-type="fig"}, ZnO NPs significantly increased the expression of LC3II and Beclin 1 and decreased the expression of P62 in a time-dependent manner. Then, CAL 27 cells were transfected with a GFP-LC3 plasmid and treated with ZnO NPs, an increasing number of GFP-LC3 puncta was observed in the experimental groups, indicating an increase in the number of autolysosomes ([Figure 5A](#f5-ijn-13-3441){ref-type="fig"}). Furthermore, the TEM micrographs showed an increasing number of autolysosomes in the 8-h group, as shown in [Figure 4D](#f4-ijn-13-3441){ref-type="fig"}. Based on these findings, ZnO NPs induced autophagy in CAL 27 cells.

ZnO NPs induced PINK1/Parkin-mediated mitophagy in CAL 27 cells
---------------------------------------------------------------

In the classical mitophagy process, Parkin is selectively recruited from the cytoplasm to the outer membrane of the damaged mitochondrion through the accumulation of PINK1, which ultimately promotes the degradation of dysfunctional mitochondria.[@b20-ijn-13-3441],[@b21-ijn-13-3441] In the present study, the expression of the total Parkin, mito-Parkin, cyto-Parkin, and PINK1 proteins was evaluated by western blotting. Elevated Parkin levels were observed in the mitochondria and decreased Parkin expression was observed in the cytoplasm following treatment with ZnO NPs ([Figure 5A](#f5-ijn-13-3441){ref-type="fig"}), indicating that Parkin translocated from the cytoplasm to the mitochondria during the stimulation period. Moreover, increased PINK1 expression was observed after the ZnO NP treatment, indicating that the decreased MMP in damaged mitochondria stabilized PINK1 in the outer mitochondrial membrane ([Figure 5A](#f5-ijn-13-3441){ref-type="fig"}). CAL 27 cells were first transfected with the GFP-LC3 plasmid before treatment to further investigate the molecular mechanism through which PINK1 affected ZnO NP-induced cytotoxicity. PINK1 expression was evaluated by immunocytochemistry using CLSM. As shown in [Figure 5B](#f5-ijn-13-3441){ref-type="fig"}, increasing numbers of green GFP-LC3 puncta and red PINK1 puncta were observed, and greater co-localization of LC3 and PINK1 puncta was observed in the experimental groups, indicating the accumulation of mitolysosomes. Therefore, the balance between mitochondrial accumulation and degradation was destroyed in CAL 27 cells after ZnO NP treatment.

Discussion
==========

ZnO is a multi-functional metal oxide. Because of the excellent performance of ZnO NPs as an antibacterial agent, disinfectant, and UV shield, among others, they have been widely used in antibacterial and anti-ultraviolet products, as well as in other medical fields.[@b22-ijn-13-3441],[@b23-ijn-13-3441] More recently, the important role of ZnO NPs in tumor therapy has attracted extensive attention. ZnO NPs show a strong anticancer effect on some cancer cell types; for example, ZnO NPs selectively induce cell death in human HNSCC in vitro.[@b11-ijn-13-3441] ZnO NPs have been shown to increase the death of both human malignant melanoma A375 and mouse skin melanoma B16F10 cell lines, and these NPs also inhibit tumor growth in a BALB/C-B16F10 mouse melanoma model.[@b24-ijn-13-3441]

We first evaluated CAL 27 cell viability following treatment with various ZnO NP concentrations to determine whether ZnO NPs are cytotoxic toward CAL 27 cells. The results of our present study revealed the anticancer activity of ZnO NPs toward CAL 27 cells. ZnO NPs induced cell death or apoptosis in both dose- and time-dependent manner. These results are consistent with findings from previous studies.[@b10-ijn-13-3441],[@b25-ijn-13-3441] ZnO NP-induced cytotoxicity in cancer cells is associated with ROS production. Chakraborti et al claimed that PEG-modified ZnO NPs display anticancer properties mainly due to the formation of ROS.[@b26-ijn-13-3441] In the mechanistic study by Wang et al, ZnO NP treatments induced apoptosis in LTEPa-2 human pulmonary adenocarcinoma cells by increasing the intracellular ROS levels.[@b27-ijn-13-3441] Kim et al observed that exposure of A549 cells to ZnO NPs in vitro was associated with reduced levels of oxidative stress biomarkers.[@b28-ijn-13-3441] In many previous studies, the mitochondrial electron transport chain was considered the main source of cellular ROS. We evaluated alterations of the MMP, the intracellular ROS levels, and the shape of the mitochondria following ZnO NP treatment. ZnO NPs increased the intracellular ROS level and decreased the MMP in CAL 27 cells. Moreover, the TEM micrographs suggested an increase in nonfunctional swelling of the mitochondria after ZnO NP treatment, implying that ZnO NPs may induce cell death by generating mitochondrial damage and ROS.

According to Johnson et al, ZnO NPs induce immune cell death by increasing ROS generation and inhibiting the autophagy process.[@b29-ijn-13-3441] However, Hackenberg et al found that the combination of a photocatalytic treatment with both ZnO NPs and UVA-1significantly increased the levels of LC3 II and ROS in HNSCC.[@b30-ijn-13-3441] In the study by Yu et al, an increased accumulation of abnormal autophagic vacuoles and damaged mitochondria was detected in normal skin cells treated with ZnO NPs. Moreover, decreases in the MMP and ATP production were observed after co-culture with ZnO NPs. The induction of autophagy via ROS production is postulated to be the main cause of cell death.[@b31-ijn-13-3441] In conclusion, nanoscale ZnO may stimulate or inhibit autophagy to promote cell death, depending on the cell type. In the present study, increased levels of LC3II were detected in cells treated with ZnO NPs, indicating induction of the autophagy process.

Mitophagy, a special autophagic process, involves the selective clearance of dysfunctional mitochondria labeled by the autophagy-related receptor system in cells. Mitochondria are key organelles required for cellular energy metabolism and regulate signal transduction and apoptosis in mammalian cells. Mitophagy maintain the number and quality of mitochondria in the cells by periodically scavenging damaged, aging or redundant mitochondria through a variety of complex mechanisms. The PINK1/Parkin pathway is accepted as one of the major molecular mechanisms regulating the mitophagy process. PINK1 is a protein kinase that is mainly located in the outer mitochondrial membrane.[@b32-ijn-13-3441] Parkin is an E3 ubiquitin ligase 8 located in the cytoplasm. In damaged mitochondria, Parkin is phosphorylated by PINK1 at S65, inducing the translocation of Parkin from the cytoplasm to the mitochondria and subsequently enabling Parkin-mediated ubiquitination of other proteins.[@b33-ijn-13-3441] We examined whether ZnO NPs induce the expression of mitophagy-related proteins to confirm that the PINK1/Parkin-mediated mitophagy process participates in ZnO NP-induced cytotoxicity. As expected, increased levels of LC3-II, PINK1, and mito-Parkin and decreased levels of P62 and cyto-Parkin were observed following treatment with 25 μg/mL ZnO NPs. Notably, this effect was observed in a time-dependent manner. Based on these results, ZnO NPs activated the PINK1/Parkin-mediated mitophagy process in CAL 27 cells.

Mitophagy has been reported to play dual roles in cancer cells:[@b34-ijn-13-3441] it facilitates cell survival by allowing adaptations to stress or promotes cell death through the excessive removal of mitochondria.[@b35-ijn-13-3441] Sentelle et al showed that mitophagy induction promotes tumor cell death via a mechanism involving autophagy.[@b36-ijn-13-3441] To investigate the specific role of PINK1/Parkin-mediated mitophagy in ZnO NP-induced toxicity, we transfected cells with GFP-LC3 to locate the autophagosomes and used the red fluorescent PINK1 puncta to identify the damaged mitochondria. The results revealed increased co-localization of green and red puncta following ZnO NP treatment, indicating that ZnO NPs induced cytotoxicity in CAL 27 cells through excessive formation of mitolysosomes.

Conclusion
==========

The ZnO NP-induced cytotoxicity toward CAL 27 cells may be at least partially mediated by the induction of PINK1/Parkin-mediated mitophagy. This study is the first to show a link between ZnO NP-induced mitophagy and cytotoxicity in CAL 27 cells. Therefore, ZnO NPs may possess potential anticancer activity toward tongue cancer cells. These in vitro results are very encouraging, and further in vivo studies are being conducted. We believe that this work offers a promising foundation for the clinical application of ZnO NPs as a treatment for tongue cancer and could lead to the development of new strategies for tongue cancer treatment.
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![Characterization of ZnO NPs.\
**Notes:** (**A**) TEM image indicating that the original shape of particles was a hexagonal prism and the original size was \~50 nm. (**B**) X-ray diffraction pattern of ZnO NPs. (**C**) Average hydrous size of ZnO NPs in deionized water.\
**Abbreviations:** Diam, diameter; PdI, polydispersity index; TEM, transmission electron microscopy; ZnO NPs, zinc oxide nanoparticles.](ijn-13-3441Fig1){#f1-ijn-13-3441}

![(**A**) Effects of various concentrations of ZnO NPs on the cell inhibitory rate of CAL 27 cells. Cells were cultured in 96-well plates and treated with 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 μg/mL ZnO NPs for 24 h. According to the results of the CCK-8 assay, 25 μg/mL ZnO NPs decreased the cell viability to \<50% (*P*\<0.001). (**B**--**D**) After treatment with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h, the cells were incubated with the DCFH-DA probe, JC-1 or MDC, and then measured using a Synergy-4 microplate reader. Cells treated with H~2~O~2~ (500 mM) for 2 h, CCCP (10 μM) for 20 min, and rapamycin (100 nM) for 2 h served as positive controls in each of the aforementioned experiments, respectively. The data are presented as the mean ± SEM (n=6). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** Ctrl, control; CCK-8, cell counting kit-8; DCFH-DA, 2′,7′-dichlorofluorescin diacetate; JC-1, tetraethylbenzimidazolylcarbocyanine iodide; MDC, monodansylcadaverine; ROS, reactive oxygen species; SEM, standard error of measurement; ZnO NPs, zinc oxide nanoparticles; Ra, rapamycin.](ijn-13-3441Fig2){#f2-ijn-13-3441}

![Effect of ZnO NPs on the MMP in CAL 27 cells.\
**Notes:** Cells were treated with or without 25 μg/mL ZnO NPs for 12 h. (**A**) The cells were then incubated with JC-1 for specified times, and the fluorescence intensity was evaluated using fluorescence microscopy. (**B**) Alterations in the shape of the mitochondria were detected by TEM. Blue arrows show the mitochondria, and the images revealed a greater number of swollen mitochondria around the nucleus in the experimental groups than in the control.\
**Abbreviations:** Ctrl, control; JC-1, tetraethylbenzimidazolylcarbocyanine iodide; MMP, mitochondrial membrane potential; TEM, transmission electron microscopy; ZnO NPs, zinc oxide nanoparticles.](ijn-13-3441Fig3){#f3-ijn-13-3441}

![ZnO NPs induced autophagy in CAL 27 cells.\
**Notes:** (**A**) After treatment with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h, cells were fixed with 4% paraformaldehyde and incubated with diluted LC3 primary antibodies (1:100) overnight at 4°C. On the next day, the cells were incubated with a tetramethylrhodamine isothiocyanate-conjugated secondary antibody for 40 min at 37°C. LC3 staining was visualized using fluorescence microscopy. (**B**) Cells were harvested and lysed, and the expression of LC3, P62, and Beclin 1 was then detected by Western blotting. (**C**) The autophagosomes in the experimental groups were detected by TEM. Red arrows show autophagosomes, and the images showed an increasing number of autophagosomes in the experimental groups. ^\#^*P*\>0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** Ctrl, control; TEM, transmission electron microscopy; ZnO NPs, zinc oxide nanoparticles.](ijn-13-3441Fig4){#f4-ijn-13-3441}

![ZnO NPs activated PINK1/Parkin-mediated mitophagy in CAL 27 cells.\
**Notes:** After transfection with the GFP-LC3 plasmid, the cells were treated with or without 25 μg/mL ZnO NPs for 4, 8, 12, or 24 h. (**A**) The cells were then harvested and lysed, and the levels of the total Parkin, mito-Parkin, and cyto-Parkin proteins were evaluated by Western blotting. (**B**) Cells were harvested and then stained with IF-IC using the PINK1 antibody, and the expression of PINK1 and LC3 was determined using CLSM. ^\#^*P*\>0.05; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** Ctrl, control; CLSM, confocal laser scanning microscopy; ZnO NPs, zinc oxide nanoparticles.](ijn-13-3441Fig5){#f5-ijn-13-3441}
